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Abstract 
The uniaxial compression tests for the deep remolded saturated clay at various temperature gradients and average temperatures were performed. 
The test results indicate that the elastic modulus of frozen clay at different average temperature increases with the decrease of temperature 
gradients and the increasing rates are enhanced as average temperature increases. The compression strength at different average temperature 
also increases with the decreasing of temperature gradients, but the increasing rates are enhanced as temperature gradient decreases. The linear 
models for estimating the elastic modulus and the compression strength of the saturated clay are presented by considering the effects of the 
average temperature and the temperature gradient. 
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1. Introduction 
Early in 1930a, Tsytovich [1] conducted the uniaxial compression tests on the frozen sand at various loading rates and various 
temperatures, and found that compression strength of frozen sand increases with the increasing of stress rate and the decreasing 
of temperature. Afterwards, Vialov [2], Ladanyi [3] and Wu [4] investigated the frozen sand in lab and revealed that the strength 
of the frozen soil is related to temperature, water content and stress rate. Zhu [5, 6] et al proposed the constitutive equation and 
the strength calculating formula according to the uniaxial compression tests for the frozen sand and frozen silt. Li [7] studied the 
uniaxial compression strength of the saturated clay at the constant strain rate and established the forecasting formulas with 
variables of temperature, strain rate and dry density. Ma [8, 9] investigated both the strength and the long-term strength of warm 
and ice-rich frozen clays. 
Although many studies on the compression strength of frozen sand and silt have been carried out as mentioned above, only a 
few compression tests on the frozen clay at different temperature gradients were conducted. However, the test results at various 
temperature gradients are important to the thickness design and the stability assessment for the thick inhomogeneous freezing 
wall. 
Therefore, a series of tests were carried out to investigate the effects of temperature gradients to the elastic modulus and 
compression strength of the frozen clay. Moreover, the relationships between the average temperature, temperature gradient and 
the elastic modulus as well as compression strength were analyzed in this paper. 
2. Test methods  
(1) Test apparatus 
This study was conducted on the test apparatus of TATW-500.The loading system of TATW-500 can be controlled by three 
ways including displacement, load and deformation. The controlling way can be changed from one to another easily, which 
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supply the convenience for the tests under different stress paths. The cooling system is composed of cold-end cooling system, 
warm-end cooling system and surrounding cooling system. The temperature in the different height of the samples was measured 
by the thermal resistor. All the test data were stored by the PC through the automatic controlling centre. 
(2) Specimen preparation 
The soil was reconstituted with undisturbed clay collected from a mine shaft at the depth of about 515m, which was composed 
of three size fractions, i.e.,<0.005mm (47.6%), 0.005~0.075mm (42.3%) and 0.075~0.25mm (10.1%). The liquid limit and 
plastic limit of the soil were 46.7% and 20.7% separately. Process of preparing specimens is as follows. Firstly, distilled water 
was added to air dried soil to make initial water content reach 8% by weight. Then the soil was put in a cylindrical rigid mold 
with 100mm in diameter and 200mm in height and compacted to the desired dry density. The average dry density of specimens is 
1.33g·cm-3. These specimens were then saturated with distilled water under a vacuum of 73mm Hg. The average water content 
was 34.8% by weight 
After saturation they were quickly frozen from top to bottom in a freezing cabinet. After freezing, the specimens were taken 
out from the molds and put on the pedestal of TATW-500. 
 
Fig. 1. The uniaxial compression test apparatus  
(3) Temperature gradients 
The design for the temperature gradients along the axial direction is shown in Table 1, where θ represents the average 
temperature which is the average value of cool-end temperature and warm-end temperature. The temperature in the samples 
along the radial direction remains uniform. 
Table 1. Design for the temperature gradients  
No. Average temperature (℃) Temperature gradient (℃·cm-1) 0.750 0.500 0.250 0.125 0.000 
1 -20.0 
Cool-end temperature (℃) -27.5 -25.0 -22.5 -21.25 -20.0 
Warm-end temperature (℃) -12.5 -15.0 -17.5 -18.75 -20.0 
2 -15.0 
Cool-end temperature (℃) -22.5 -20.0 -17.5 -16.25 -15.0 
Warm-end temperature (℃) -7.50 -10.0 -12.5 -13.75 -15.0 
3 -10.0 
Cool-end temperature (℃) -17.5 -15.0 -12.5 -11.25 -10.0 
Warm-end temperature (℃) -2.50 -5.00 -7.50 -8.75 -10.0 
 (4) Test process 
The tests were carried out in two steps: ① Adjust the temperature and remain it constant in the process of test after the 
prepared samples were placed on the pedestal of TATW-500; ② Control the axial piston to apply the load on the samples at the 
rate of 0.2 mm·min-1 until the axial deformation reaches 20%. 
(5) Test data processing 
The axial stress is calculated by the following formula 
σ=10·(P-F) (1-ε)/A0, ε=△h/ h0                                                                               (1) 
Where σ is the axial stress, ε is the axial deformation, P is the axial load, F is the piston friction, and △h represents the 
compression magnitude, h0 stands for the initial height of samples, A0 stands for the transverse area of the samples. 
3. Test results  
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Fig. 2. The uniaxial stress-strain curves for the frozen clay at different temperature gradients (a) θ=-20℃; (b) θ=-15℃; (c) θ=-10℃ 
Fig.2 shows the curves of axial stress versus axial strain at different temperature gradients for the frozen clay. We can observe 
that, for typical average temperature, stress-strain curves present elasto-continuous strain hardening characteristics[10]. The 
corresponding elastic modulus E and the compression strength σf at the axial deformation of 20% with different temperature 
gradients are shown in Table 2. 
Table 2. The elastic modulus and the uniaxial compression strength 
θ(℃) -20.0 -15.0 -10.0 
gradT 0.750 0.500 0.250 0.125 0.000 0.750 0.500 0.250 0.125 0.000 0.750 0.500 0.250 0.125 0.000 
E 233.2 262.4 250.9 269.5 267.9 165.8 164.4 180.9 200.0 201.7 110.7 120.7 126.0 148.1 154.8 
σf 3.284 3.440 3.737 3.865 3.950 2.349 2.659 2.750 2.936 3.276 1.555 1.718 1.941 2.038 2.179 
4. Discussions  
4.1. The elastic modulus 
It can be clearly observed from Fig.3(a) that the temperature gradients have the evident weakening effects to the elastic 
modulus of the frozen clay in the process of uniaxial compression. In other words, the elastic modulus at different average 
temperatures presents a degradation trend as the temperature gradients increase. Moreover, the weakening trend becomes more 
evident with the increasing of average temperature. The reason of this phenomenon is that the effects of cool-end temperature 
exceed the effects of temperature gradients in the case of small axial deformation. 
                  
Fig. 3. The elastic modulus and the compression strength for the frozen clay (a) The elastic modulus; (b)  The compression strength 
We propose a linear function to express the relationship between E and the temperature gradient: 
E=a0-a1·gradT                                                                                                (2) 
Where a0 and a1 are the test parameters, the values of which are listed in Table 3. 
Furthermore, the relationship between a0 as well as a1and the average temperature can be expressed as 
a0=ca+ka·θ   a1=ca’+ka’·θ                                                                                       (3) 
Substituting Eqs (3) into (2), we obtain  
E=(ca+ka·θ)-(ca’+ka’·θ)·gradT                                                                                 (4) 
Where ca, ka, ca’and ka’ are the test parameters, which are given as follows: ca =28.82, ka =-11.89, ca’=78.07, ka’=1.781. 
  ℃·cm-1
  ℃·cm-1 
  ℃·cm-1 
  ℃·cm-1 
  ℃·cm-1 
    ℃·cm-1 
    ℃·cm-1 
    ℃·cm-1 
    ℃·cm-1 
    ℃·cm-1 
℃·cm-1 
℃·cm-1 
℃·cm-1 
℃·cm-1 
℃·cm-1 
422 2009) 420–424Z. Xiao-dong et al. / Procedia Earth and Planetary Science 1 (
Table 3. a0 and a1 
Average temperature(℃) -20.0 -15.0 -10.0 
a0 270 200.4 151.1 
a1 40.7 54.86 58.51 
4.2. The compression strength 
The effects of temperature gradients to the uniaxial compression strength are similar to the effects to the elastic modulus. 
However, the weakening effects to the uniaxial compression strength are enhanced as the average temperature decreases. In other 
words, the effects of temperature gradients gradually surpass the effects of cool-end temperature in the case of large deformation, 
which can be observed in Fig.3(b). The relationship between compression strength σf and temperature gradients can be expressed 
as 
σf=b0-b1·gradT                                                                                          (5) 
Where b0 and b1are the test parameters, the values of which are presented in Table 4. 
Table 4. b0 and b1 
Average temperature () -20.0 -15.0 -10.0 
b0 3.959 3.024 2.155 
b1 0.936 0.862 0.827 
In addition, the relationship between b0 as well as b1and the average temperature can be expressed as 
b0= cb+kb·θ,b1= cb’+kb’ ·θ                                                                               (6) 
Substituting Eqs (6) into (5), the following formula can be deduced: 
σf=( cb+kb·θ)-( cb’+kb’ ·θ)·gradT                                                                         (7) 
Where cb, kb, cb’and kb’ are the test parameters, which are given as follows: cb =0.34, kb =-0.1804, cb’=0.7115, kb’=-0.0109. 
5. Conclusions 
(1) The elastic modulus for the frozen saturated clay increases with the decrease of temperature gradients and average 
temperature. It can be estimated by the following model based on the average temperature and temperature gradient: E=(ca+ka·θ)-
(ca’+ka’·θ)·gradT . 
(2) The uniaxial compression strength for the frozen saturated clay decreases with the increase of temperature gradients and 
average temperature. It can be estimated by the following model based on the average temperature and temperature gradient: 
σf=(cb+kb·θ)-(cb’+kb’ ·θ)·gradT . 
(3) Temperature gradient is an important factor influencing the elastic modulus and compression strength of the frozen clay. 
The influence of temperature gradient on the elastic modulus increases as the average temperature rises; however, it is just the 
reverse for the influence on the compression strength.  
Acknowledgements 
Financial support for this work, provided by the National Natural Science Foundation of China (Project No.50534040) and the 
National Science and Technology Ministry (Project 2006BAB16B01), is gratefully acknowledged.  
References 
[1] H.A. Tsytovich, Mechanics of Frozen Soil, Beijing, 1985. 
[2] S.S. Vialov, USA Snow, Ice and Permafrost Research Establishment. 74 (1959) 56. 
[3] B. Landanyi, Mechanical behavior of frozen soils. In:Proceedings of International Symposium on the Mechanical Behavior of Structured Media, Ottawa: 
1981. 
[4] Z.W. Wu and W. Ma, Strength and Creep of Frozen Soil .Qinghai, Lanzhou, 1994.  
[5] Y.L. Zhu and D. L. Carbee, Cold Regions Science and Technology, 9 (1984) 15. 
[6] Y.L. Zhu and D. L. Carbee, USA CRREL Reprot, 1987. 
[7] H.P. Li, C.N. Lin and J.B. Zhang, Chinese Journal of Geotechnical Enginerring. 6 (2004) 109. 
4232009) 420–424Z. Xiao-dong et al. / Procedia Earth and Planetary Science 1 (
[8] X.J. Ma, J.M. Zhang and X.X. Chang, Rock and Soil Mechanics. 29 (2008) 2502. 
[9] X.J. Ma, J.M. Zhang and X.X. Chang, Chinese Journal of Geotechnical Enginerring. 29 (2007) 852.  
[10] Y.L. Zhu, J.Y. Zhang and W.W. Peng, Journal of Glaciology and Geocryology. 14 (1992) 217. 
424 2009) 420–424Z. Xiao-dong et al. / Procedia Earth and Planetary Science 1 (
